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It-u rscmitly ally ths thermal Storage Va31 !!:

G
ive du hating systemhad beandaar=ter- y ~
~ themal netmrk -Latocs using hour- ; ;

by-lmur historical wsather dsta. ‘rha greater ; :

V
ity md market acce@ability of direct : j

I

9s system has hid * ● lively, tut immclu-
aim deba~ mrmrn@ the relative effsctivenesa ‘
of the tkm -@fuaticne. me r-e develrp

I mmt ad Val.idaticmd PN30W suNsPvr,8tharuia; . \
!nefwmk de fa direct ge.in mclaaures, has
; PEOVH * tOOl ~SZSCY f= a wtitztivs , ~
~=4=-.

I mm ZealAte of perfallma
dl

Walysim Calculatials ‘ ‘ ‘
~fa both Trmbe wall SIWIdirect gain system in “

1%’%% in this paper.
, R&w&xiCo, and kMiam, Wkmein~

:::
! dYSFimlUi$8 ~aInetr ic %i=o;i&a- ‘
~umtal denim pmmaters inclwling bdldhg 10M%
I glazing sre~ ~ total mass, nmss thickness ~ nmbar
Iof glazings,night ineuleticm value and allowable

teu@arattie ewiiig. Thermal mmfort within the
-10••gmer M types of buildings is OXlsi*ced as
well es energy eff icimt per formmcs.

t“ ~

b thermal perfarmmee Cauallatiam Presmtad
brain f= thermal PWXam W and diwct Wn

Ii
Dasaivedar tmatirwZYitemWro Rerrorlneiiwith ‘
b Pmm andsura%h‘herrfsd net&k axles m- ‘
spa2tively. PMOIEhas developed and validated a
wqle of years ago at We ALanm Scientific , !

z~zl “&~::&y&$& ii
I

mlt ● It is a mswkd Versim of WsmE ‘ ! \
capableof simlating the thermal - fcmnance Of;
dhot gain buildings al L* distimt lwsls of ‘
detail. I#vel I, on which this report is bassd, ‘
is a fairlv marae mx5el that rrmsidera mlY the–-

i gross dmrecter ist ics of direct gain bild~~gs. I

I Nevertheless ~ the Ml I mdel ixmxately repro- ‘
; ducm pauive tqst oeU data at M ALSKXXirdi-

mxlel, which is Currently lss5ar dewlopumt, is
very dataihd and, therefore, suitable for
stubing aecud &&c effecti, which ar ize due to
int&rd distributim of enecgy and variations in
geamtry and configuraticm.

_rWe, NewMmcico, and Madison, Wisconsin,
were selected as sites for the ~ative ~-a-
nmtric evakatim of direct gain and Cmnbe wall
buildings &2aus* they represent envi50msntM
extremes, which, therefore, yield an =-~racia:ion
of the effect of climate on agpropriatapazsi.~s
solardesign prrmdures. M.buguergue has a cd-
erately high heating load, 4253 annual degree
days, and is b essed with enoqh SOla- radiatkm,

i660,000 ml/ft annually, to meet Inmc space
bating requirements fairly easily. Zhis is eIl
ideal climate for passive solar a@icaticm.
Mediacn, on the oktm?rhand,has a ver:z hight.at.-
hg load,7350annualdeg ee days, and receivqs

5mly stout 518,000 Btu/f t of solar rixliat icn
each year. l%e high heatingbsd mbined wi‘th
b solarinpk makespassive solar design in
Msdison a dtianging proposikicm.

The significance of variatirm in 3o13x aperture
area, nmber of glazings,resistance of nigh;
insulatkn, allwable indoor tenperakre Swi?.q,
md building loss ooefEicisnt with reqmct to
thermalperformance of passive solar 5uildin$s is
inwetigatad cm the &sis of a series of SUNS2VT
and PMOIE calculacims. %%=relatimship
txttween performance and available the-~ storage
rnsna is also cmsidered. m Tmuba WI1lSt.%
masswell surfaca area is assunad squel to Eke
glazing area ao that the storage mass isdlmctly
ProPXtb?Uil to WS.Uthickness. RX direct gain
buildings en additimel degree of freadun exists
because the storaga mass surf!ace area is variable
as well as the thickmss. I

‘ltmrmal perfomunce rwaulLs are expressed in ‘
terrm of the annual solar fraction, Yinifnm

@lIti~- that the &xrdnant#lyGiCSl@mOIRSM ~_@dqor air tqeratures are maintainlti by aux-
murr ing in dir~t gain snclcmreshavebean ‘ I illaxy heaters and ventilation ax?linq is
OOtrSCtljridentified W ?mY&I18d.‘1’tM?Lsv?l 11 , ~lO@ tO limit MS ?MXiKnMlair k~rature @ ,

I $1 I

1=k parfm- tier. the auspices of the U.S. fkpsrtmnt of Energy, IUD Brmh for M821w and Omling, ‘
‘ ~ff!oe of the Aa$ismrit Semetuy for Conzuvathn and Bolur Ehergy.
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. -=-MM -IiimlvTtn-rafam M ~“*—
‘UU8faaet at6@Fin a21calmlatlma MKI
~v8rhtiau, LT, Of +?%, +SO?d +lC%
ttit tkm rafermoa-vab-ue Omskxd. ‘rtus,

‘;inaUmsutlm iribx air ~atcre is
~ b flmtuata Witmi pramzihd bm19.
~, U-a - radimt _aturo, whitib
&tUdrd * * matures of all. surf-
tcmling * Living~, 1s mtraimd all q’

Yttmm~taristica of ● apdflc pa.slivaas gn
ml tlm I.cmlwnthr. - thrml dmt of
;tuildingaXUpmm&ss mklthtl-mlMan
‘rtiimt d * air ~a*urQs in ● mnnar
;whidlwillbe ~hird in ● latu Secticn.
Paaaiw alar hated tuildi~s, tlmr@fa., .%va
Idifferentcudet m~taristka m tbqh ttm
:●ir tmparatuo m.riatimawithintha atru:ue

.- may ba Mrafuuy l=mied. In an eff=t to re-
,gmaral tlmrml amfat daractuhtica of dif-
,ferantpanaiw mlar &sigm, m~l air, “-
~aurfm - m rtiimt -ature hie~am
,wre calmlatad&ring the tlwrrrul mt!mrk shrw
bticna. ~ropriate tmightlngof L% air ad
m radianttemperatures yield a s!nglet!!rml
i-x, whi~ cm h directlyrelattitoacupmt
cunftit,ttmretyfacilitatingamparatiw
UUlysis.

ltmecm-fxdc ama ecpnms of ttmtl=rmll.
perfcrnuncad)aracteriaticsof paesi”.=eol&”
haatlng Chzlgna msirkred in thispapertwo
Ian avahated ty .%ottMl of GroupS-2at tm
~ *ientificLaimratmy~-dare r pxted in
a separate wpu in tbse pr-irrgs. z

t
I

2. DIRECT GAIN ~WKE

;Sime tteperformancerh.aracteristimof therml
storagewallstwe *7 repxtec? ext-msively in
ths literature, m slrruhticn results for
directgain tuildirtgsinA1.tuvrqw are lmluded
herebafme pr-ing m a csxparativeandlysla
of tlmM generictypesof pae.siwmlar
tuildlnge. I

I I

! 2.1. Effactof Design optim Cmbimticm3
I
ti ~cmt relaxYIQM by mrims ~mbimticna
;of &sign opticnuf= direct gain tul~dlrqs in
A1.Luqmrcpig preamtd in Fig.1 In eat!!
~-m, tl’mthwrrrdatoragsIMSZonsls~ of a 6
iin. thicklayerof highdensityamc:ete (UO
Ilb/ft3)with a su”faceareaequl to three
times* glazing=ea. TtIus,thetataltlwrml

$!
storagerrw3,W , is 225l“bspr &we fat

oC glazing. Mdi imalLy, tbz glazingarea to
bu ldlnglad ratio,

# 3
/L, iS 1.0

ft /(Btu/hr%) foreac caae represemtwl in
Fig. 1. lti verhble design optlm9 are tk ilUP

bar of giaz~i-a, KL, thar88i~~=q:dof rm~-able
7’nlqht!PZ:!:t.=t,T..,aml ttmallwaile irdmr

tcprature swing,Arf,abut the68% reference
V81w.

‘~ of t~ ~e strikingfea~UL~_ of * bar

gc~@ in Fig. 1 is tha l~k of significant par-

forrrbznce Variatims ammg mfiguraticm m. 4
,..,.. ,,-. — .— ---— —-- . . .. .. —..- .. .. ..—. —

1.
--—

‘“i!
!!!
E!

cumwnmm

f—

Fig. 1. m Offti of daslgn Cptlalatitiam
a dir-t gain pu~ in
~w=

throqh W. 7. AU four roses W ● ~raEuro
wing of ~s%. Th9 wformnm qqurstob
rkzdnatd ty th, fact that OEh 01 &ma, mlf:g’w
ratiau haard~hthm.d.aticnwitha rcsistanmof
at leastM. Increasingtlmnightinwlationco
R9 ha9 littleaffect. A130, th+ eff-. of vL-y
ing th nurbr of gbzims frunm b3 thrcab
la.rgdymaskedby UM presmca of nigh.ti-
tial. A ~iam of mfigurat!rm :@. 1 ~%1
m. 3 stswathat,in the ahanm of nl$htiM”ula-
tim, thenmber of glazfnqshas a sisificar,:
effectcm perforrmnce.The allwabl.eirdmr :*
peramre swinghasa largeeffect m p3rforrm~,
~venwithnightinsti:icn,aa hxllcatd by a
~ism of cm figuratimsM. 2,M. 6, ard
W. 10 fOLwhichAT is&F, &F ad ~KJ%?
re~tively.

Theeffectof varyingtheglazingareato
hilding loadratiois depictd inFicj.2,where
theMmvior of fourseparatedesignqitim ~
bin~ticnais imluded. Cuttingtheghzlng ~-9a
inhalf (ortiling the ttmml M) suchL-at

v
is &3creasd fran1.0 to 0.5~a a 20

25 permnt reducticnin aolu fractim. %a
rate at which ml.ar fractim incr~ with LW
area/lmdratiodlrninirnhesrap:dly●t highao”x
fruthma.

3. On@ariaon of Directwin and~ Wall

Fbr the -rim-m presentedin thissmtim,
the nwrber of glaz~ngsin fjxedat 2, the t~r-
:t::t#:wmgT andQth:

. .
~ wall ad Direct@in hildhqe having m
nightinsulationie plotted as a f-tire of
tbrml storagemea p9r unitgl.mhq araa,
IV , inFig. 3.

3
l%e th rml atorqja:*EU19

3hig dmsity (150lbs/ft) oncrete. ~r M
TYcmbewallcase,themss surfaceareaLam-ml

\ Ito theglazingaream that~ isdilOCtly”
proprthmal to thickmsa of t3 wall. Indl:act
gain ~lldlngs themm aurfacaarm is varicl~,
providingan additionaldegreaof Crti, M

I
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: Fig. 2. WIM&IVM of dlroctgain pf~ m
the are@.mxl ratio. 1

!______ —-— -—qi

‘:L___Ill
o mzoo Ym4m5w

Fig.4. Eff-t bf therml stor8geIMS9m
passivesolartuildi~ gerf~ b
A1.bwqwrqw withW nightIzmdathn.

4. _ism of Dlr&X GOinand~ WaUi
kr fonname in ison,wi~hl.

Mw -O W@ take M paeslve ml.a.r &sigr~
txnsiderti in * ptevlcua~tlm cd mve then
fran Altquerque, w mxim, to the laso Eo:-
giving climateof Md19Cm, Wi~ln. The r-
aultefortulldingswithno nightinmlatltnare
Weamted in Fig. 5. Mte the fmrkd daterJ.ora-
tlm of dlrmt gain~rfornmna rela-~nto L%
TtUr&Jmu. In M harshMadiem cifmta a
J?rmt gainstr~ture losee & rrixh thmnal
UM:VJ’ thrcqh the glazlrq a~ture ~ remh

T
titlh tiik!-S4Trccba wall in th ~ of

nig t hnulatiml. ;:rover,aa illuatmtedin
Fig. 6, wtmnM niqhtLmuhticn 1s~ed to tith
gmcric typm, we cbtainrwhly themm rela-
tlw prformnce Novlcuslycixervd LI
Alkk-queqw .

I

.-.
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! ng. 5. Effex of UW3TMl storage - m

I
pamsiva sDlar hfldirq ~formanm in

I
Miscxl Wittmltfight i.rmul.aun.

I
I

I
Tncitw w I

I hldSSPERUNITGLAZINGAREA,M/AJlb/0~)
1fig.6. Eff=t of therml storagemss m

pmsive rvw tuilding~formwa in
M* withR5 n@ht immhticn.

I5. Ma Sy’etero.
I
!Almat alltuildirqsmst have~~, for
1raaems of eesthetice,nat’uraldaylighti~,ti
(m S.ermM Onergmefexits. mid wi-~
Raraagera in tharanqcof 10% to 20%of tho
‘bilclirqflmc mea. % ?xcent is a rmrrral
~minti spsclfiedty tie, and &r&it?tCtfi?re-
1 cpntly mploy 20%or evenrrore.l%us it 15
iaRXqXiate m use thesewirvb= as direct gain
j sobr mll=tim el-ts as b as pssible,
kcating ~n m theQUth SidS Of the lxildirq.

An effectived9s19nstrategyiB ti mix direct

,
,
I

!

I

[

,1

‘i

,,

‘1;
!;

I

,,
I,!

gainard-be ~11 in tl%-sarmlmilding.A
t%rra.1prccedure in a mld clirrmteis to sizethe
wi* areatasd cn theron-sJlm~ideratias
nxmtimd akmm titl-te themcn ttmsouthside
ad inclerestori?sas m.rhas pxslble. PxMi-
tlmal smla.rqainis thanaddedusingTrrrrbe ,

6.1. TtteoretimlOmsideratkns

-t buudinge of cm-Jentia-Al amsewtlm Ma
light weight and have limitti gbzkq Ueu. M
a gemral rule the U--z =.vir~t in@
lmildingaL9Wry --ly mifmn. Lt thiscn-
textth term“unifm.” ref~-stoan mvirurmnt
in whi~ * air ad ~ rtiiantt~ratue are
mgua.1.Inpssive sow hea:edlaA13ing.eC%
preaerm3of =ive t%errmls-aragselonunu
arxl,hrlmge glazed&-east‘.=ich~iate
directlywiththeliw:ngK prcd~ th.~
end rullrmltawhichar~charac:eristi~y m
urd.forln.The Lbemal storaqemas sxfaces fac-
ing th livingspree=y tE either=armr 0:
mlder thantheram sdr, de-pendingUI wtik’m
mrrent spaceheati~ requirsrents=-0teing.mc
by heattra~ferfrcrthes-:age rr- or f:m
the auxiliary heater. Since :he mal radk-.z
temperatureis affecttiby r~iatim.exchwqes
withall surfacesErXxlinga: en-ch’m, :h
presenceof thermals-araqe-=ssswit->surf-
temperaturesdifferen:Eruninsalr “~raure
irducesthermalmm-u.ifomd=<. Lar;eqbzd
areas,whichCcrmJrlicatedir=tly Wi-htha~vim
w, as indirectgti bil~i~s, canaff~t
- man rmdianttaps~aturein two=aya. P.rst,
duringdayli~t bXS smliqtt tr~ttd
thro@J theglazin3can direc”dylrK!JMslcrtifl-
mnt increasesh the~ rtiiantt~:atC*.
Sem%fly,at nightgkzti areM mt award ‘~ith
uovable inmlaticmbm md mlk- LlunL“
ram air arfi twti to krm L-.5HI ~diant
t~-ature ~d. 1

Ttm~oblem of SSSOSULWthe-~1 ~ort in koth
uniformad rmmw ifo:.n envi:m,mntshasha
extensivelyreseardmdby P. O. Fangnx. m :.9
basis of Famjer’tawork, it is psaibh toA-ive
an expressionfor the❑cquivcentmiform ~r-
ature,” Teu,which is &fined ag ‘th~unifoc
temperatureof an L~ inary e,closute in whi =? a
@ram wille~rienoe thes- *:= of tkamwl
arnfor a9 in theactd nm-inifom envirm-
lmlt.mk l’hedetailscf thetiivatim ara
presentedinReference6,wPJ% isHrcntly

am beb-n thesmth wirdxa cc M piercing : tier reviw forphliatlcm as a Lm X
—— ,--- -— .-..

1’
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- A ia Wn ztivity lwml (mtaMAc rate), C
Utkdothingimuhtimmm, Histm r*-
tiwtaddky,m dvisthraM.iw *
-iq. ‘ftu.a, tin relative ~- of air
tirnrdimt~aturati~ ma setof
avi~tal d #ry9ioLogicaL Wamtars. It

—~ ~atad in marema 6 tlmt fa eztram,
ht atiu realistic Cmlbimtima of M p3ram-
ctara, tlm fmtlcn 1! cm vary frun0.48to
0.68. m tlmbasisof asalzqtiau~m
-itium Ukely ~ existin a p.esivesolar
l-td cMdJhg, ttm foUowirqexpr-im fortlm
aqldva.lmtmum tanparatu.min -M.
I

m Unc’apt of m quivalmt lmifm ten’parature
liaquLtauaefulauEJeit~ mlabaaseaa
!~ ccmfortLavelain rm-mif- mvirce
mnta in term of a singlethermalirdex,which
oan b directlyrehted to subjectivepsrscnal
,-~==. Lhlikethe%parat ve tmperature-

+deflmd in tlwASHILPJ3hardbcok,thequivalent
mlfom terrparatumis●xplicitlyrelatedto
hu’i?uJtlmriualcaufortd imlldes* ●ffectof
all htmt hat Laa @aroma m whichr.het
umfat *-s.

I

16m2. lmllvalent uniformm ratureain Paaciva

I khatadBuildlng9.

i 0.6
t

I
I

EWIVAENT uNImRh4 TEMPERAWK (WFJ

Fig.7. ~ivalent miform tenpxaturehis~ram
firTtube wall InJanury.

In thh mtiui w ~ea.mt nmthly histogram Of
~tim eqdvmlent mifm tenpafaturein * pamiw
* hated hildingsLccatedin[4diam,
Wisonein. ti histogramwaremlmlatd by
;P#SJt22and ~, ttm tlmrm.1mtwrk shmla -
IW31 axlas. lbhle glazingwithW nightAnsb
ltialh qloyd in &h dasigm oxmi~rd in

d

lthi~~tla, ad b area/Leadratiois bald
~cautant●t 1.0f (BtqA@T). TM

atureawingis fran63% to
l%~W&a’&& walldasignmrployna 16 in.I
lthick*LL of high&naity omcmte yialdirq200
,M of thrm.1.*raga w per squarefwk of
glaziw. Ttm direct gainayateonha 6 irchesof
ancrete witha surf- ama qMl to three thins histqram have@te a differentch&acter u
ttnglazingexea,whichyields225lt#f .

$
sbm inFigs.9 and 10. me la.rgemtlm f:s

=h unfiguratirnsobtainan mnwl SOL
ILim Of 5J3tinMdiH. E@ivalmt ujliformf~~

tim is againin the 60% to 62% for toth
tuildingsdue to the csmbined ●ffmt ~C the air

‘~atum histogramfcw thaTYanbawalland t~atue &ing the~bti~lly hid to a
:diract gaintiildirqaduri~ therrmthof January mtnimm of 63% and thotherml storagerinse
~arapresmted inFigs.7 ad 8 ree.~tively. hing =ler thantheairwM.cyullL4*a:- la..— ..... ——. _ _.._.

I
— —.——— —_ —

I

I “ EfWlVAUNT uNl~RM TEMpE=A~RE (~=) .
l:\

I
Fig. 8. Equivalentunifonuterpraturahlstcqrm

for dlractgaintuildinginJanuary.
,
InOstober* Oguivalentuniform~rature
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?ig. 9. Equivalent mMmn xature
histogram Ea ltcmbwul in&~. ‘ ~

~ waU ad direct gainbdldi~ ~ ~
-tain dvantageswithrsspectto -gy eEfi-
Cialt parforlnarH.M a gmeral rule,Tt*
Wal.19are ableti *ieve highersolarf:acti.ma
cn a limitedmmmt of therml storageW. Rx
ttwlmlkoragemesuplmalmut l?shspsr
-e f~t of 91.=in9 ‘l”r- -J.ls axtaistatly
at ~form direct gain hildi~. [~r, if
- h allwd &I irclde rmrethan*t 175
L4f~ of thermalstoragerrdsa,thedirect
gainlmildimqbeginsto Surpsa * mcir#mwall.
fi~S ~~it~~ ~S &SSUStI a Tra @l

reachesa ~formmce k k@meen 150
lbs/fq m 200 lb t

<y
(crH in.to

16 in.-d?150 lb/ft h gh density ~ete)
while~r f~~ of tha dic=t gain Mldirq
ccmtinuesto riseos thesurfacearea of U-m
thermal storagem.am is increased with W thLck-
M7AU held mtant. ~xd Smt- offer~t~ L
tia.1advan~es -r eitherpue directgainor
Trrde wall~roadma. I

With rwpect to tharml atiat, the~ wall

1-mmEM! OIRCff OAIN
m MONTHI OCTOBER

[ P2RC2hT SOUA: 72% i/

! ;
ae

Q4

03

!! -az

OJ -

0-
1 I I I I I

90 M 60 62 64 66 68 70 72 74 76 70
C&NVALENT UNIFCIRI.I TEMPERATURE (*F)

F!g. 10.
%

ivalertmifom t~ratuce 1
h togrm for dlr=t gainhilding in

M typiaof- smcturea milergo equivalent uili-
fczrrnt~atl’za avinga,whichOX- the therm-
a=tid.ly inqm3edair tenperatu.re Marias at
theqqmradl~rl~m;thT

8
rarqain

It* wallsystem la mlstan y Uar than
indirectgaintuildinga.

I

pQ-Lm2m”
The autbre muld like to express their agpzm:i~ ‘
tlm to HarkWckett of Group&l-lat m ALMm,
wim ~formd the matrix of thermalnetwrk
tilathla al Whidlthisp9~ is based.

I‘[
I .
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